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Abstract: Vertically coupled Stranski Krastanow QDs are predicted to exhibit strong tunnelling interactions
that lead to the formation of hybridised states. We report the results of investigations into single pairs of
coupled QDs in the presence of an electric field that is able to bring individual carrier levels into resonance and
to investigate the Stark shift properties of the excitons present. Pronounced changes in the Stark shift behaviour
of exciton features are identified and attributed to the significant redistribution of the carrier wavefunctions as
resonance between two QDs is achieved. At low electric fields coherent tunnelling between the two QD ground
states is identified from the change in sign of the permanent dipole moment and dramatic increase of the electron
polarisability, and at higher electric fields a distortion of the Stark shift is attributed to a coherent tunnelling
effect between the ground state of the upper QD and the excited state of the lower QD.
PACS: 71.35.Ji, 71.70.Ej, 71.70.Gm
Keywords: quantum dot molecule, coherent coupling
The ideal quantum dot has the extremely use-
ful property that excitons contained within it have
an extremely long coherence time at low temper-
ature, comparable to its radiative lifetime of hun-
dreds of picoseconds.[1] Several schemes for quan-
tum computation have been proposed which ex-
ploit this long coherence time, the most promising
of which appear to be those where the excitons in
a pair (or eventually series) of quantum dots form
an entangled state via a tunnelling interaction be-
tween them.[2,3] Stranski-Krastanow grown QDs
are ideal for this purpose, as the strain field result-
ing from the formation of one dot layer facilitates
the growth of a second dot layer just a few nm
above the first, with an almost 100% probability
that a second QD forms directly above the first.[4]
We report the results of optical spectroscopic
measurements of single pairs of vertically coupled
Stranski-Krastanow quantum dots in the presence
of an external electric field. The electric field al-
lows the carrier levels in each QD to be brought
into resonance with one another, and also gives
access to the exciton Stark shift, allowing valu-
able insight into the dramatic carrier redistribu-
tion that occurs in the QDs as coherent tunnelling
occurs.
Fig. 1(a) shows a schematic of the sample struc-
ture investigated. The sample was grown using
molecular beam epitaxy on an undoped GaAs sub-
strate, and has a structure as follows: 1µm un-
doped (UD) GaAs, 500 nm n+ (n=5x1018cm−3)
GaAs contact layer, 20 nm UD tunnel barrier,
two QD layers, then 105nm UD GaAs, 75nm
UD Al0.3Ga0.7As, and finally a 5nm GaAs cap.
The wafer rotation was stopped before the QD
Figure 1: (a)Schematic of bandstructure under ap-
plied reverse bias Vg. l, l
′ and l′+d give distances from
n-type contact to top contact, lower QD1 and upper
QD2 respectively. (b)Capacitance-voltage traces from
four coupled layer samples, with interdot distance, d =
3,6,9,12nm. Negative bias values denote reverse bias.
Dashed lines indicated onset of charging.
layer was grown (∼ 6 ML of In0.5Ga0.5As de-
posited at 530 oC) to produce a QD density gra-
dient across the wafer. Wafer rotation was re-
sumed, a 12nm UD spacer layer of GaAs was
then grown to separate the two QD layers, and
again stopped for the second QD layer, grown
with an identical deposition rate and direction to
the first. After growth, a low-density region was
chosen, Ohmic contacts were established to the
n+ contact layer and a 200 nm thick Au shadow
mask was then deposited on the Schottky contact
into which 800 nm diameter microapertures were
opened lithographically. Photoluminescence spec-
tra were taken using a conventional µPL setup
with excitation performed at low intensity at an
energy of ∼ 1380meV . Several QDs are accessed
underneath each aperture.
The sample design is such that the electron and
hole states of the upper dot (QD2) show a stronger
shift in energy with bias than the lower dot (QD1)
allowing the carrier levels of the upper dot to be
tuned through those of the lower dot. The energy
shift of the levels is determined by the lever arm
[5] of each QD level, and is given by
Ee,h
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2
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where Ee,h
1
and Ee,h
2
are the energy shifts of the
carrier levels in the lower and upper dots respec-
tively, Vg is the applied reverse bias, (eVGaAs/2)
is the half the bandgap of GaAs (0.75eV), l is the
distance between the n-type layer and the sample
surface, l’ is the distance between the n-type layer
and the lower QD, 20 nm in this case, and d is the
nominal distance between the QD layers, 12 nm
for the spectra discussed here. E0 is the differ-
ence in energy (offset energy) between the lower
and upper carrier levels at zero electric field (flat-
band). The relationship between the offset energy
E0 and reverse bias at which resonance occurs,
V e,h
0
, may be easily extracted from Eqs. (1) and
(2) to give
E0 = e(V
e,h
0
− 0.75V )
d
l
(3)
Tuning the bias aligns the carrier levels of the
upper and lower QDs. At this point, the wave-
function of each level has a finite probability of
occupying the other, and the two QD states be-
come hybridised. In this case a level of hybridisa-
tion, and therefore a coherent tunnelling interac-
tion, will be observed for a wide range of detuning
from the single QD resonance.
Capacitance-voltage (C − Vg) measurements
of four similar coupled layer samples are shown
in Fig. 1b. The lower QD layer has a constant
Figure 2: PL spectra of coupled layer of QDs sepa-
rated by 12nm, with reverse bias increasing from 0V
to -5.5V. The thick line spectrum corresponds to -1V,
the bias at which QD1 becomes charged with 1 elec-
tron. Above -1V both quantum dots remain uncharged
from the contact.
separation from the doped layer of 20nm. The
upper layer is separated from the lower layer by
the length d, with values d = 3, 6, 9 and 12 nm.
The C − Vg traces clearly show several features
that arise due to charging from the contact, simi-
lar to that observed by refs [5,6,7]. Charging oc-
curs first for the lower QD at ∼ −1V reverse bias
in all cases. The bias at which charging of the up-
per dot occurs is dependent on the QD spacing d.
The second and third prominent peaks that are
observed are clearly dependent on the QD spac-
ing, and therefore may be attributed to charg-
ing of the upper QD. For the 12nm sample we
therefore conclude that the upper QD becomes
charged from the contact at ∼0V. Fig. 2 shows
a series of PL spectra taken over a bias range
0.0 ≤ Vg ≤ 5.5V . Several features (A, D, E) are
observed at high bias. At ∼ −1V all of the fea-
tures quench, and a new set of features appears be-
tween −1.0 ≤ Vg ≤ 0.0V (B, C). This energy shift
of the features, arising due to the change in the
Coulomb interaction, is in good agreement with
the C − Vg data that show that electron charging
to the lower QD occurs at this bias range.
All of the features observed in Fig 2 exhibit a
shift in energy as the reverse bias is increased. In
single QDs the energy shift with increasing electric
field is well-understood, and for moderate electric
fields is given by the Quantum Confined Stark Ef-
fect, namely:
E = E0 + pF + βF
2 (4)
where E is the ground state exciton emission en-
ergy, F is the electric field parallel to the growth
direction, E0 is the ground state energy at F = 0,
p is the vertical permanent dipole moment, and β
is the vertical exciton polarisability. The perma-
nent dipole moment is a measure of the vertical
electron hole separation, r, in the QD, and is given
by p = e.r where e is the electronic charge. β is a
measure of the rate of separation of the electron
and hole with field, and is expressed as the sum of
the electron and hole polarisabilities βe + βh.[9]
Several of the features observed in Fig. 2 show
a quadratic energy dependence on electric field,
for example features A, B, C. A curious property
of these features is that as the lower QD becomes
charged (i.e. going from features A,D,E, to B,C),
a change in sign of the polarisability is observed.
The features B and C have a minimum energy and
Stark shift to higher energy as the bias is lowered
to -1V (positive curvature), whereas for features
A, D, E, and for single QDs grown with similar
conditions,[8] a Stark shift to lower energy is ob-
served as the bias is lowered (negative curvature).
The permanent dipole moment of the features
also change sign. This is apparent when consider-
ing the maximum/minimum points of the features
highlighted. The turning point in energy occurs at
a field F0, given by F0 = p/2β from Eq.(4). The
feature A has a turning point at negative F0 (re-
verse bias) due to the fact that p is positive (i.e.
electron above hole) and β is negative. However,
the features B and C also have turning points at
negative F0. Given that β is positive, this implies
that p, the permanent dipole moment, is now neg-
ative (electron below hole). We make the assump-
tion that the features B, C arise from the same
QDs as the features A,D,E, as it is highly unlikely
that two separate QDs are observed over different
bias ranges. Thus the change in sign of the dipole
must be due to a change in the exciton configu-
ration in the same QD. A positive polarisability
suggests that as the field is increased, one of the
carrier levels increases in energy. For a ”square-
well-like” structure this is unphysical. Moreover,
such a positive polarisability has never been ob-
served for single QDs. The change in sign of both
p and β strongly suggests that a dramatic change
in the wavefunction takes place. The effects would
be difficult to explain using a picture of two de-
coupled states, and therefore a more plausible ex-
planation appears to be that these effects are the
result of a tunnelling coupling of the two QDs.
The centre of mass of the electron wavefunction is
now between the two QDs, and with the hole in
the upper QD this results in a negative dipole (we
demonstrate later that the features A,D,E, and
hence also B and C, must arise from the upper
QD). Note that excitons may also be created in
the lower QD also. However, because the hole
level energies will be different for the two QDs, an
electron from the lower QD will not appear in this
detection range. If the upper exciton remained
quantum mechanically decoupled from the ”spec-
tator” electron in the lower QD, only weak per-
turbative Coulomb interactions would apply: we
note that changes in polarisability have not been
observed for any charged exciton species.
We suggest therefore that as the bias is lowered,
the electron ground states of the two QDs come
into resonance. The coherent tunnelling appears
to occur at the point where the lower QD becomes
charged with an electron from the contact. This
sharp transition to the coherent tunnelling regime
is a result of the Coulomb blockade effect that oc-
curs when a QD becomes charged with a single
electron. The Coulomb blockade has the effect
of increasing the energy of the lower QD electron
level by several meV . An estimate of this value
was made by Finley et.al.[8] for similar QDs, and
was found to be ∼ 25meV .
At Vg = −1V we make the assumption that
the ground state electron level in the upper QD is
higher in energy than that of the neutral electron
level in the lower QD. Thus no coupling occurs be-
tween the two levels. However, as the QD becomes
Figure 3: (a)Grey-scale plot of spectra shown in
Fig. 2. Dark areas indicate regions of high inten-
sity. Dashed lines indicate quadratic Stark shift of
features D,E labelled in Fig 2. Dotted lines indi-
cate the anomaly in Stark shift in reverse bias range
−2.5 ≤ Vg ≤ −3.5. (b)Suggested configuration of elec-
tron (light grey) and hole (dark grey) as upper electron
level is tuned from non resonant (i and v) to resonant
(iii) with the lower QD electron level. Vertical lines
indicate the centre of mass of the electron and hole
wavefunction.
charged, the energy level of the ground state in the
lower QD undergoes a discrete increase of 25meV .
The electron levels of the two ground states are
now close in energy, and the coupling strength is
strong enough that a coherent tunnelling coupling
occurs for the bias range −1.0 ≤ Vg ≤ 0.0V .
The features that appear at higher bias (A,D,E)
appear to show a conventional (single QD-like) be-
haviour over most of the bias range, with e.g. fea-
ture A having a positive dipole (electron above
hole at zero field) of the order of ∼ 4A˚ and nega-
tive polarisability. This is expected: at higher bias
the ground state levels are not close to resonance
and single QD-like behaviour is observed. How-
ever, at the specific bias range−2.5 ≤ Vg ≤ −3.5V
the features D and E show a distinctive anomaly
in the Stark shift. Fig 3(a) shows a grayscale in-
tensity plot of the features observed in Fig 2. As
a guide to the eye, the dashed line in the figure
shows the Stark shift at low and high fields, and
the dotted line shows the deviation from this Stark
shift at −2.5 ≤ Vg ≤ −3.5V for both features D
and E.
We interpret this kink in the features D and E
as a coherent tunnelling of a carrier between the
upper and lower QDs, similar to that observed at
lower bias, occuring in this case when a carrier of
the ground state exciton becomes resonant with
an excited state. The bias range over which we
observe the deviation is small (∼ 1V correspond-
ing to detuning energy of the order 20 − 30meV
from Eqs.1,2), suggesting that we observe a weak
tunnelling effect only.
The bias at which the resonance occurs, −3V ,
allows one to calculate the energy difference be-
tween the two QD states at zero field using Eq.(3)
to be E0 ∼ 140meV . The resonance between the
two electron ground states has already been iden-
tified at lower bias. Given that previous studies of
similar single QDs have estimated the hole ionisa-
tion energy to the wetting layer to be ∼ 90meV , a
resonance between two hole states seems unlikely.
The most likely explanation therefore is that we
observe a resonance between the electron ground
state in the upper dot, and an excited electron
state in the lower dot. This explanation is sup-
ported by the fact that the feature becomes in-
creasingly broad as it comes into resonance. The
linewidth of the features at low field is < 100µeV
whereas at ∼ 3V a linewidth of ∼ 500µeV is ob-
served. In previous work it was shown that the
excited states of Stranski-Krastanow QDs are sub-
ject to fast dephasing processes of the order of a
few ps. It appears likely therefore that an elec-
tron ground state hybridised with such an excited
state will also be subject to such fast dephasing
mechanisms.
As the ground state comes into resonance with
the excited state, a redistribution of the wavefunc-
tion results in a significant alteration of the values
p and β, to a first approximation constant for a
single QD. It is this change in p and β that leads
to the ”kink” observed. Fig. 3(b) shows a sug-
gested schematic of the electron-hole distribution
of the two quantum dots as a function of field,
depicting the constant surface of the electron oc-
cupation probability in light grey and of the hole
in dark grey, that would explain the behaviour ob-
served. We consider the situation where the elec-
tron level of the exciton in the upper QD comes
into resonance with an electron level in the lower
QD at Vg ∼ 3V . As the two levels approach reso-
nance, the electron wavefunction in the upper QD
begins to penetrate into the lower QD. This results
in the centre of mass of the wavefunction moving
significantly towards the lower QD. Even a weak
penetration into the lower QD will lead to sig-
nificant changes in the permanent dipole moment
of the exciton. The maximum deviation from the
quadratic Stark shift at ∼ −3V corresponds to the
point where the levels are exactly in resonance and
the coherent tunnelling is maximum.
In conclusion, we have studied anomalous Stark
shift effects that occur as two electron levels of
vertically coupled QDs are brought into resonance
with each other using an electric field. As coher-
ent tunnelling processes occur, the wavefunction
is significantly altered, a fact that is apparent in
fundamental changes of the permanent dipole mo-
ment and polarisability. These changes may also
be explained by considering a coupled QD system,
and therefore allow us to identify resonances be-
tween two ground states, and between a ground
and an excited state of two QDs.
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